AD-A286  676 


6I-AV-39 


MU  7  I  u 


ELECTEl 

nCT  0  3  1994  P 


/^l _ E _ I 

An  Integrated  Cryogenic  System  for 
Spacecraft  Power,  Thrust,  and  Cooling 


UBLI  CATION 


W.  L  BURRiSS 

^  Engineering  Specialist, 

Advanced  Design  Group, 
AiResearch  Manufacturing  Division, 
The  Garrett  Corporation, 

1  Los  Angeles,  Calif. 


MASON 


L 


C0PY1 

library  copy 

JUN  i  mi 


94-29245 r\ 


^  PIR  CO’-  V 
3  iD  c  rO  AiME  /AtMBfc!!S 


^jfatenir-nfs  of 
or  in  d'iS^; u'sSion  meet- 
r  or  o’  [^vroons  or  SectiOHS.,  Or 

■  ^  o..,olo;otio'r-. 

u'jSion  IS  printed  only  if  the  paper  is  pub- 
■d  an  ASME  journal 

icosod  for  gon#;iol  pyblicotion  upon  presentation 


I  AMHICAN  SOCItTY  OF  MECHANICAL  ENGINEEIS 
39  WmI  99tli  SirMt.  Nmv  York  IE,  N.  Y. 


Chief  Engineer, 

AiResearch  Manufacturing 
Division,  The  Garrett 
Corporation,  Los  Angeles,  Calif. 

documeat  hos  beea  approved 
toi  public  release  and  sole;  its 
digtnbution  is  unlimited. 


Cryogenic  hydrogen  systems  providing  power  con  be  used  to  advan¬ 
tage  in  spacecraft  for  mission  durations  ranging  from  one  hour  to  over 
one  hundred  hours.  By  integration  of  the  power,  cooling,  and  attitude 
control  requirements,  the  range  of  optimum  application  con  be  ex¬ 
tended  significantly.  The  maximum  duration  for  optimum  application 
depends  upon  vehicle  attitude  control  requirements  and  the  ability  to 
utilize  the  large  total  impulses,  at  low  thrust  levels,  contained  in  the 
working  fluid  discharged  from  on  open-cycle  expansion  'power  unit. 
For  example  a  3-kw  output  oxygen-hydrogen  expander  operated  at 
a  BSPC  of  1.12  lb  per  BHPHR  will  continuously  provide  0.38  lb  of 
thrust.  If  this  con  be  used  for  attitude  control  purposes  on  a  50  per 
cent  duty  cycle,  a  system  of  this  type  will  be  optimum  for  durations  up 
to  300  hr. 
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An  Integrated  Cryogenic  System  for 
Spacecraft  Power,  Thrust,  and  Cooling 

W.  L.  BURRISS  J.  L.  MASON 


This  paper  is  Intended  to  demonstrate  the 
capabilities  of  hydrogen  In  Integrated  systems 
providing  cooling,  secondary  power,  and  thrust 
for  certain  classes  of  space  vehicle.  The  appli¬ 
cations  where  hydrogen  can  be  used  to  advantage 
are  characterized  by  high  heat  loads,  moderate 
secondary  power,  and  low  thrust  requirements. 
Manned  reentry  vehicles  and  recoverable  boosters 
are  examples  of  applications  where  substantial 
weight  savings  or  improvements  In  vehicle  mission 
capability  can  be  effected. 

The  unique  properties  of  hydrogen  lead  to 
high-performance,  multiple-purpose  systems  which 
appear  to  offer  potential  advantage  with  respect 
to  simplicity  and  reliability  as  well  as  weight. 
Since  the  announcement  of  the  advanced  booster 
programs  utilizing  hydrogen  as  the  propellant, 
the  objections  to  hydrogen,  which  were  based  upon 
the  supply,  storage  and  handling  of  a  very  low- 
temperature  fluid,  have  largely  been  dispelled. 

In  fact,  use  of  hydrogen  In  secondary  systems  may 
now  represent  a  reduction  In  the  logistics  prob¬ 
lems  since  a  single  fluid,  which  will  be  avail¬ 
able  In  large  quantities  at  the  launching  com¬ 
plex,  can  perform  the  functions  of  a  high-per¬ 
formance  heat  sink,  working  fluid,  and  propellant. 
Considerable  weight  savings  are  realized  when  the 
same  hydrogen  flow  Is  used  for  all  three  func¬ 
tions.  Attainment  of  maximum  utilization  of  the 
hydrogen  supply  requires  careful  Integration  of 
all  the  vehicle  systems. 

(Considerable  Interest  has  developed  during 
the  past  two  years  concerning  application  of  cry¬ 
ogenic  hydrogen  to  secondary  systems  for  space 
vehicles.  References  (i)  through  represent 
some  of  the  published  reports  describing  hydrogen 
secondary  power  systems  which  provide  heat-sink 
capabilities  for  the  environmental  control  system. 
ZWlck  (1)  proposes  use  of  a  Ranklne-cycle  heat 
engine  with  sulfur  as  the  working  fluid,  using  a 
stoichiometric  hydrogen-oxygen  combustor  as  the 

1  Underlined  numbers  In  parentheses  designate 
References  at  the  end  of  the  paper. 


Fig.  1  Simplified  system  schematic 


energy  source.  Breaux  (£) ,  Hlavka  (^) ,  and 
Orslnl  (4)  consider  power  conversion  by  means  of 
multiple -stage  turbines,  using  fuel-rich  combus¬ 
tion  products  of  hydrogen  and  oxygen  as  the  work¬ 
ing  fluid  In  an  open  cycle.  Howard  (^)  proposes 
use  of  a  positive-displacement  reciprocating  en¬ 
gine  as  a  hydrogen  expander.  Wood  (6)  presents 
the  advantages  of  the  positive-displacement  ex¬ 
pander  at  low  power  levels  as  well  as  a  proposed 
performance  referent  based  on  an  Infinite  pres¬ 
sure  ratio. 

References  {J)  through  (^)  give  data  con¬ 
cerning  various  properties  of  hydrogen. 

DESCRIPTION  OP  SYSTEM 

Plg.l  depicts  the  system  which  will  be  dis¬ 
cussed.  Hydrogen  Is  stored  In  a  supercritical 
state  (typically  300  psl  and  50  R)  or  as  a  liquid 
at  lower  pressures .  The  hydrogen  Is  heated  In  a 
heat  exchanger  to  provide  environmental  cooling 
capabilities.  The  heated  hydrogen  Is  expanded 
through  a  turbine  supplying  vehicle  secondary 
power.  The  hydrogen  discharged  from  the  turbine 
Is  additionally  expanded  In  a  nozzle  to  provide 
thrust.  The  magnitude  of  the  thrust,  produced 
from  hydrogen  flows  consistent  with  the  secondary 
power  and  cooling  requirements.  Is  of  the  order 
needed  for  low-thrust  attitude  control. 

It  should  be  noted  that  with  this  system, 
useful  power  Is  derived  from  waste  heat.  An  Im¬ 
portant  factor  In  system  design  In  determining 
the  performance  of  hydrogen  as  a  working  fluid 
and  propellant  will  be  the  maximum  effective  tem¬ 
perature  of  the  heat  source.  In  some  applica¬ 
tions  requiring  large  amounts  of  secondary  power 
or  thrust.  It  may  be  desired  to  use  an  additional 
source  of  heat  provided  chemically  by  the  combus¬ 
tion  of  hydrogen  with  an  oxidant.  Or,  It  may 
even  be  desired  to  Increase  the  temperature  of 
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Fig.  2  Hydrogen,  water  and  ammonia  enthalpy  change 


the  surfaces  exposed  to  aerodynamic  heating  (that 
are  also  cooled  by  hydrogen)  by  selection  of  ma¬ 
terials  which  minimize  radiative  heat  losses  or 
by  aerodynamic  design  Intended  to  maximize  aero¬ 
dynamic  heating.  This  represents  a  reversal  of 
conventional  practice  In  the  design  of  reentry 
bodies . 

THERMODYNAMICS  OF  HYDROOEN 

Liquid  hydrogen  occurs  In  two  nuclear  spin 
quantum  states  as  orthohydrogen  and  parahydrogen 
(2)  •  Normal  hydrogen  consists  of  75  per  cent 
orthohydrogen  and  25  per  cent  parahydrogen.  In 
the  liquid  state,  orthohydrogen  undergoes  an  exo¬ 
thermal  transition  to  parahydrogen  at  rates  high 
enough  to  cause  considerable  loss  of  liquid  In 
storage.  Consequently,  the  liquid-hydrogen 
plants  have  been  designed  to  produce  essentially 
pure  parahydrogen.^  Table  1  shows  some  of  the 
properties  of  hydrogen: 

Hydrogen,  because  of  Its  low  molecular  weight, 
has  exceptional  properties  as  a  working  fluid  for 
a  turbine  and  as  a  propellant.  Because  of  Its 
high  specific  heat,  hydrogen  also  has  extremely 
high  heat-sink  capabilities  as  an  expendable 
evaporant  when  heated  from  cryogenic  storage  tem¬ 
peratures.  Fig. 2  shows  the  enthalpy  change  as  a 
function  of  temperature  for  hydrogen  from  two 
storage  conditions:  (a)  as  a  liquid  at  the  nor¬ 
mal  boiling  point  of  36.5  R  and  (b)  as  a  super¬ 
critical-state  fluid  at  300  psl  and  50  R.  Little 
difference  exists  In  the  heat-sink  capabilities 
between  storage  as  a  liquid  and  storage  In  the 
supercritical  state;  storage  as  a  liquid  will 
lead  to  lighter  weight  storage  vessels  because 
of  the  lower  pressure,  but  will  entail  some  prob- 
iCTis  with  respect  to  zero-g  liquid  withdrawal 

^  99.79  per  cent  pairahydrogen  and  0.21  per  cent 

orthohydrogen . 


Fig.  3  Theoretical  specific  ouq>ut  for  pure  hydrogen  cycle 


TABLE  1  PROPEBTIES  OF  BYWOGEII 


HoUealar  V*itki  2.0I« 

■■•ra,!  Boiliot  r«l>t  (l4.T  (xU)  3«.5*1 

lifttMi  •t  190,5  Bttt  p^r  Ik 

Critical  Taaparaiar* 

Critical  ^aaaara  187. T  paia 

Enthalpjr  of  Liquid  at  NBf  -109  Bt«  par  19 

(Bclatiaa  to  idtal  parabpdrogoB 
gaa  at  aoro  B) 


Ortbo 

2.018 

38.8*1 


191.8  Bta  par  lb 
59.7*1 
191.7  polo 
-193  Bta  por  U 


which  will  be  encountered  In  most  space  applica¬ 
tions.  Shown  also  In  Fig. 2,  for  purposes  of  com¬ 
parison,  are  the  equivalent  data  for  water  and 
ammonia,  both  of  which  are  frequently  used  as  ex¬ 
pendable  evaporants  for  environmental  system  heat 
sinks.  The  Indicated  superiority  of  hydrogen 
over  ammonia  and  water  Is  somewhat  offset  by  the 
Increased  tankage  weight  required  for  hydrogen. 

As  a  working  fluid  for  expansion  engines, 
hydrogen  has  behavior  closely  approximated  by  the 
perfect  gas  law,  since  the  operating  conditions 
will  be  far  removed  from  the  critical  state. 

Thus,  for  pure  hydrogen,  the  work  output  Is  given 
by  the  following  expression: 


Specific  work  output 


where 


k-1  M„ 


(1) 


k  »  specific  heat  ratio 
R  =  gas  constant  =  1544  ft-lb  per  lb  mole 
deg  R 

Ww  =  molecular  weight  of  working  fluid  =  2.016 
for  pure  hydrogen 

T|.  °  expander  Inlet  total  tenq>erature,  deg  R 
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Fig.  4  Thrust  nozzle  specific  impulse,  hydrogen  as  a  propel¬ 
lant 


a  expander  adiabatic  efficiency 
a  expander  Inlet  pressure 
Pjj  a  expander  discharge  pressure 

Fig. 3  shows  the  performance  of  hydrogen  as 
a  working  fluid  In  a  turbine  as  a  function  of 
pressure  ratio  (P^/Pj^)  and  turblne-lnlet  temper¬ 
ature  {T(.°R)  for  an  expander  efficiency  of  100 
per  cent.  The  performance  shown  Is  much  higher 
than  that  of  any  monopropellant  which  Is  suitable 
f—  use  with  secondaz^  power  units.  Hydrazine 
has  the  highest  performance  of  the  APU  monopro¬ 
pellants  and  gives  specific  outputs  of  the  order 
of  130  to  200  watt-hr  per  lb  at  a  turblne-lnlet 
temperature  of  I800F  and  very  low  discharge  pres¬ 
sures. 

The  specific  Impulse  for  pure  hydrogen  as  a 
propellant  Is  given  by  the  following  equation: 

3p.cmo  IWI.. 


where 


gravitational  acceleration 

—.2 


ft  per 


>  thrust-nozzle  Inlet  total  tenqperature, 
deg  R 

P^  «  thrust-nozzle  Inlet  pressure 
Pjj  «  thrust-nozzle  discharge  pressure 

>  thrust-nozzle  efficiency 

Fig. 4  shows  the  theoretical  specific  Impulse 
of  hydrogen  as  a  function  of  nozzle  Inlet  temper¬ 
ature  iT^  Or)  and  nozzle  pressure  ratio 
High  specific  liq>ulse  Is  given,  even  at  low  tem¬ 
peratures  and  pressure  ratios. 

The  teiqperature  drop  across  tife  prime  mover, 
which  relates  the  thrust-nozzJe  Inlet  tesQ>erature 


Fig.  5  Temperamre  drop  across  expander 


PRESSURE.  P5W 

Fig.  6  Hydrogen  storage  density 


and  the  expander  Inlet  temperature.  Is  given  In 
Fig. 3  as  a  function  of  expander  specific  output. 
It  may  be  desired  to  Increase  the  energy  level 
of  the  gas  for  propulsion  by  additional  combus¬ 
tion  with  oxygen. 

Fig. 6  shows  the  density  of  hydrogen  as  a 
function  of  storage  temperature  and  pressure. 

The  low  density  of  hydrogen  and  the  extremely  low 
temperatures  Involved  In  Its  storage  are  the  main 
disadvantages  In  application  of  hydrogen. 

Fig. 7  gives  the  net  cooling  capacity  as  a 
function  of  expander  power  output.  The  net  cool¬ 
ing  capacity  must  be  supplied  to  the  system  In 
order  for  the  power  unit  to  supply  the  specified 
output  under  the  given  conditions.  In  the  useful 
teBq;>erature  range,  the  expander  Inlet  teiq>erature 
has  little  Influence  on  the  net  cooling  capacity 
because,  at  the  higher  Inlet  tenq>eratures ,  the 
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Fig.  7  Net  cooling  capacity  versus  turbine  output 
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Fig.  8  Thrust  versus  expander  output 


expander  specific -power  output  offsets  the  In¬ 
creased  enthalpy  of  the  hydrogen. 

Fig. 8  shows  the  available  thrust  as  a  func¬ 
tion  of  expander  power  output  for  specified  ex¬ 
pander  and  thrust-nozzle  pressure  ratios  (both  = 
100) .  Higher  expander  Inlet  temperature  Is  ac¬ 
companied  by  reduced  thrust,  since  the  Increased 
specific  Impulse  (proportional  to  Is  more 

than  offset  by  the  lower  hydrogen  flow  resulting 
from  the  Increased  expander  specific  output  (pro¬ 
portional  to  T^) . 

PHOPELLANT  TANKS 

As  Is  generally  realized,  tankage  size  and 
weight  are  of  major  Importance  In  the  design  of 
oxygen-hydrogen  systems.  Both  of  these  fluids 
are  best  stored  at  cryogenic  temperatures  In  or¬ 
der  to  obtain  maximum  density.  Minimization  of 
tankage  weight  thus  Involves  careful  thermal  de¬ 
sign  to  avoid  propellant  loss  by  vaporization  or 
venting.  The  hydrogen  tank  requires  the  most 
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Fig.  9  Hydrogen  tank  weight 


Fig.  10  Fluid  heat  input  requirements  for 
constant  pressure  operation  supercritical 
hydrogen  storage 


consideration  In  this  respect  because  of  Its  rel¬ 
atively  large  volume. 

The  space-vehicle  environment  Is  particularly 
favorable  for  cryogenic  storage  In  one  major  re¬ 
spect.  The  tank  ambient  Is  a  practically  pure 
vacuum;  the  only  heat  transfer  to  the  fuel  (aside 
from  conduction  through  a  structural  support)  Is 
by  radiation  from  compartment  walls  and  external 
equipment.  This  eases  the  Insulation  problem 
considerably. 

The  zero  gravity  condition  associated  with 
space  flight  affects  the  fuel-tank  design  In  two 
respects:  (a)  If  the  fuels  are  stored  as  liq¬ 
uids,  positive  design  techniques  must  be  employed 
to  Insure  single-phase  withdrawal,  (b)  It  neces¬ 
sitates  pressurized  transfer.  Tankage  design 
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Fig.  11  Supplemental  heat  requirements  for  pure  hydrogen  cycle 


studies  and  tests  have  indicated  that  two  general 
methods  of  fuel  storage  can  be  considered  most 
suitable;  There  are  (a)  low-pressure  storage  of 
the  fluids  as  liquid  using  expulsion  bladders  and 
(b)  supercritical  storage. 

Fig. 9  Is  an  estimate  of  hydrogen  tankage 
weight  for  two  storage  pressures  as  a  function  of 
time  and  withdrawal  rate.  Supercritical  storage 
permits  agravlc  operation  and  elimination  of  hy¬ 
drogen  pumps.  However,  as  shown  In  Fig. 10,  sub¬ 
stantial  energy  Inputs  are  required  to  maintain 
supercritical  conditions.  Since  the  peak  heat 
loads  and  maximum  power  demands  do  not  necessar¬ 
ily  coincide,  some  form  of  supplemental  heat  In¬ 
put  or  cooling  may  be  required  during  portions 
of  the  mission. 

SYSTEM  HEAT  INPUT 

The  total  heat  Input  to  the  hydrogen  working 
fluid  Is  derived  from  three  sources:  The  Inter¬ 
nal  heat  load,  represented  by  the  equipment  and 
metabolic  loads;  the  external  heat  load,  repre¬ 
sented  by  aerodynamic  heating  and  solar  radiation 
loads  ;  and  supplemental  heat  Input,  represented, 
for  example,  by  combustion  of  hydrogen  with 
stored  oxygen  (to  bring  the  working  fluid  to  the 
optimum  temperature  rajTge  for  maximum  utilization 
of  the  hydrogen) .  The  equipment  heat  load  Is 
equal  to  the  energy  extraction  from  the  working 
fluid  In  the  prime  mover.  Thus.,  the  sum  of  the 
energy  Inputs  from  the  other  sources  must  be 


equal  to  the  increase  in  enthalpy  of  the  material 
(from  storage  conditions)  leaving  the  system. 

This  additional  heat  Input  Is  depleted  In  Fig. 11 
for  the  pure-hydrogen  cycle  as  a  function  of  cy¬ 
cle  efficiency  where  all  of  the  power  generated 
by  the  expander  Is  absorbed  In  heating  of  the 
hydrogen.  Cycle  efficiency  Is  defined  as  the 
product  of  the  prime-mover  adiabatic  efficiency 
and  the  Isentroplc  expansion  factor,  equation  (1). 
For  example.  If  the  Internal  power  generation 
represents  an  output  of  500  watt-hours  per  lb 
(1704  Btu/lb)  with  an  expander  Inlet  temperature 
of  300  F,  approximately  900  Btu  must  be  supplied 
to  the  system  per  pound  of  hydrogen.  It  will  be 
found  that  In  many  Instances,  the  additional  en¬ 
ergy  provided  by  combustion  with  oxygen  will  be 
required  for  at  least  a  portion  of  the  mission 
duty  cycle. 

Fig. 12  shows  the  oxygen-hydrogen  weight  ratio 
required  to  attain  a  given  expander  Inlet  tem¬ 
perature  as  a  function  of  combustor  Inlet  temper¬ 
ature  (coolant  top  temperature).  Simple  expan¬ 
sion  heat  engines  will  be  limited  to  relatively 
low  Inlet  temperatures  which  means  that  the  cycle 
will  usually  be  operated  fuel  rich,  at  oxygen- 
hydrogen  ratios  less  than  one. 

Fig. 13  gives  the  correction  factors  for  oxy¬ 
gen-hydrogen  combustion  products  to  be  applied 
to  the  specific  liqpulses  and  to  the  specific  work 
outputs  given  by  Figs. 3  and  4  for  pure  hydrogen. 
For  example.  If  an  oxygen-hydrogen  ratio  of  1.0 
Is  required  to  reach  an  Inlet  temperature  of 
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T.,  EXPANDER  INLET  TEMPERATURE,  DEG  R 
Fig.  12  Oxygen  requirements  for  bipropellant  cycle 


TABLE  2 

SPECIFIC  PBOPELLANT  CONSOKPTIOK  SEQDnSB  FOB  ENQGT  lALAMCB 


SPC 

(LB  PEA  BSP  flB)  TO  GIVI 

EmCT  bkiMOt 

0/1  - 

0 

0/B  - 
1 

0/i  . 

2 

0/H  - 

4 

O/B  - 

5 

O/B  - 
7.54 

100 

1*45 

2.01 

3.58 

5.13 

5.30 

7.15 

soo 

1.20 

2.18 

3.03 

4.35 

5.37 

5.13 

300 

1.03 

1.8t 

2.52 

3.75 

4.57 

5.37 

500 

0.81 

1.4t 

2.05 

3.00 

3.72 

4.27 

1800  F,  a  correction  factor  of  0.^3  Is  applied 
to  the  specific  work  output  for  pure  hydrogen, 
which  Is  2310  watt-hours  per  lb  (0.323  lb  per 
hphr)  at  an  Infinite  pressure  ratio,  reducing  It 
to  1230  watt-hours  per  lb  (O.607  lb  per  hphr). 
Similarly,  the  correction  factor  for  the  specific 
Impulse  Is  0.727,  which  reduces  the  specific  Im¬ 
pulse  from  633  sec  to  4^1  sec,  both  at  an  Infi¬ 
nite  pressure  ratio  and  a  thrust-nozzle  effi¬ 
ciency  of  1.0.  Cycle  efficiencies,  represented 
by  the  product  of  the  adiabatic  efficiency  and 
the  Isentroplc  expansion  factor,  must  be  applied 
to  the  theoretical  specific  work  and  specific  Im¬ 
pulse  to  Indicate  realizable  performance.  The 
correction  factors  given  In  Fig. 13  are  applicable 
to  gas  tenqperatures  In  the  200-2300  F  range. 


Flg.l4  shows  the  variation  In  the  heat-sink 
capacity  of  the  propellants  as  a  function  of  the 
oxygen-hydrogen  ratio  and  the  coolant  top  temper¬ 
ature.  Table  2  Illustrates  the  limitation  on 
prime-mover  specific  propellant  consumption.  If 
the  propellant  flow  Is  to  be  used  as  the  heat 
sink  for  the  environmental  control  system.  Fig. 

14  and  Table  2  are  based  upon  an  energy  balance 
between  heat  transferred  to  the  propellant  flow 
and  power-unit  output,  as  follows: 


SPC  for  energy  balance 


a  2545  C(0/H)  +  1] 

P  (h'-h')+(o/h)(h"-h") 

CO  CO 

(3) 


where 
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Fig.  13  Conection  factors  for  combustion  products 


Fig.  14  Propellant  cooling  capacity 


q/P  =  fraction  of  expander  shaft-power  out¬ 
put  absorbed  as  heat  In  propellant 
flow 

O/H  =  oxygen-hydrogen  ratio 

H'  -  H'  o  enthalpy  change  In  heating  hydrogen 
c  o 

to  coolant  top  temperature 

H"  -  H"  =>  enthalpy  change  In  heating  oxygen  to 
c  o 

coolant  top  temperature 

S(iuatlon  (3)  Is  based  upon  an  energy  balance 
and  does  not  Indicate  attainable  prime  mover  per¬ 
formance,  which  Is  given  by  equation  (1). 


HXSROQEN  POWER  CYCLES 


Hydrogen  can  be  utilized  In  a  number  of  dif¬ 
ferent  cycles  for  the  generation  of  power.  The 
principal  methods  of  interest  In  secondary-power 
applications  can  be  classified  In  three  catego¬ 
ries,  as  follows: 

1  Pure  hydrogen  systems. 


0  20  40  (0  ao  100 

TURBMC  AOUMTIC  CmCKMCV.  KR  (ZHT 


Fig.  15  Perfonnance  of  four  hydrogen  systems 


2  Stoichiometric  oxygen-hydrogen  blpropel- 
lant  systems: 

Open-cycle  heat  engines: 

Otto  and  diesel  cycles. 

Closed-cycle  heat  engines: 

Ranklne  and  Stirling  cycles. 

Open-Cycle  fuel  cells: 

Olrect  and  Indirect  types. 

Compound  conversion  cycles: 

Thermionic  (or  MHD)  and  thermoelectric. 

3  Fuel-rich  oxygen-hydrogen  blpropellant 
systems : 

Exhaust  recuperative. 

Output  feedback  regenerative. 

Interstage  reheat. 

Simple  open  cycles. 

Pure  hydrogen  systems  can  be  used  where  rel¬ 
atively  Isirge  amounts  of  waste  heat  are  available 
for  heating  of  the  hydrogen.  The  stoichiometric 
blpropellant  systems  frave  high  performance  In 
terms  of  high  specific  outputs  with  respect  to 
both  weight  and  volume,  but  provide  comparatively 
little  cooling  capacity.  The  fuel-rich  blpropel¬ 
lant  systems  provide  high  perfozmiance  In  terms 
of  secondary  power,  cooling  and  thrust. 

The  performance  of  four  different  types  of 
hydrogen  power  cycle  Is  shown  In  Pig. 15.  In  the 
siiiq)le  oxygen-hydrogen  system,  there  Is  a  combus¬ 
tor  In  which  oxygen  Is  added  to  the  hydrogen  and 
burned  to  Increase  the  temperature  of  the  working 
fluid.  In  the  pure-hydrogen  system,  the  oxygen 
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Fig.  16  Optimum  oxygen -hydrogen  ratio 
for  SPC  =  1. 3  lb  pet  hp  hr  considering 
heat-sink  requirements 


has  been  eliminated  completely,  thus  affording 
the  opportunity  for  minimum  propellant  weight. 

Of  course,  heat  must  be  provided  from  an  external 
source,  as  previously  discussed.  There  are  many 
ways  to  Improve  performance  of  the  simple  oxygen- 
hydrogen  cycle;  two  are  shown  In  Pig. 15,  the  ex¬ 
haust  recuperative  cycle  and  the  output  feedback 
cycle.  In  both  Instances,  waste  heat  Is  utilized 
for  propellant  heating.  In  the  first  Instance, 
the  prime-mover  exhaust  acts  as  the  heat  source; 
In  the  second  case,  the  equipment  heat  load  Is 
the  heat  source. 

Stable  combustion  of  oxygen  and  hydrogen  can 
be  accomplished  over  a  wide  range  of  conditions 
with  respect  to  pressure  and  mixture  ratio.  Stoi¬ 
chiometric  combustion  of  hydrogen  and  oxygen  Is 
accompanied  by  a  high  heat  of  reaction,  with  the 
flame  temperature  limited  by  the  thermal  disso¬ 
ciation  of  water  to  4800  F  at  14.7  psla  (65OO  P 
at  1000  psla) .  A  number  of  different  types  of 
conversion  device  can  be  designed  to  accommodate 
near-stolchlometrlc  oxygen-hydrogen  ratios,  as 
previously  mentioned.  Thermodynamic  calculations, 
such  as  those  shown  In  Pig. 14,  will  show  that  op¬ 
eration  at  stoichiometric  ratios  produces  useful 
cooling  representing  something  less  than  25  per 
cent  of  the  power  output. 

At  a  specific  propellant  consumption  of  1.5 
lb  per  bhphr,  an  oxldlzer-fuel  ratio  of  O.85  will 
provide  sufficient  cooling  capacity.  In  the  pro¬ 
pellant  flows,  to  absorb  the  power  output  as  a 
heat  load.  At  oxygen-hydrogen  ratios  In  excess 
of  0.85,  supplemental  cooling  will  be  required. 


This  is  Illustrated  in  Plg.l6  for  cooling  with 
hydrogen  and  with  water  as  expendable  evaporants, 
assuming  the  following  allowances  for  tankage  as 


a  fraction  of  fluid  weight: 

Liquid-hydrogen  tankage . 1.00 

Liquid-oxygen  tankage  .  0.53 

Water  ;.ankage . 0.11 


Pig. 16  shows  a  minimum  total  weight  (propel¬ 
lants  +  evaporants  +  tankage)  at  an  oxygen-hy¬ 
drogen  ratio  near  0.85  (for  a  prime  mover  SPC  = 
1.5  lb  per  bhphr)  where  no  supplemental  cooling 
Is  required.  However,  It  will  be  noted  that  the 
hydrogen  flow  decreases  with  Increasing  oxygen- 
hydrogen  ratio  which  will  reduce  the  storage  vol¬ 
ume  required.  Consequently,  there  appears  to  be 
a  trade-off  between  weight  and  volume,  and  system 
selection  may  be  based  upon  volume  penalty  fac¬ 
tors,  which  will  vary  with  the  application. 

ENVIRONMENTAL  SYSTEM  HEAT  REJECTION 

The  environmental  control  system  removes 
waste  heat  (sensible  and  latent)  ultimately  re¬ 
jecting  the  energy  to  a  heat  sink  of  one  of  the 
following  four  types ; 

1  Low-temperature  radiator  -  transfer  by 
conduction. 

2  Low -temperature  radiator  -  transfer  by 
cooling  loop. 

5  Hlgh-temperature  radiator  -  transfer  and 
elevation  of  temperature  level  by  vapor-cycle 
heat  pump,  thermoelectric  converter  or  other  en¬ 
ergy  conversion  device. 

4  Expendable  evaporants  or  propellants. 

Early  space  vehicles  have  utilized  direct 
radiation  from  the  skin  to  dissipate  the  heat 
which  was  traiaferred  by  conduction  from  the 
equipment.  By  selection  of  surface  coatings 
which  demonstrate  high  emlsslvlty  to  the  long 
wave  length  thermal  radiation  emitted  by  the  skin 
and  which  simultaneously  show  high  reflectivity 
to  the  comparatively  short  wave  length  solar  ra¬ 
diation,  It  has  been  possible  to  achieve  the  de¬ 
sired  Internal  temperatures  with  purely  passive 
systems.  Some  of  these  vehicles  have  Incorpor¬ 
ated  simple  bimetallic  strip-actuated  shutters 
to  vary  the  emlsslvlty  of  the  exposed  surface  as 
a  temperature  control.  Clearly,  the  simple,  di¬ 
rect-conduction,  low-temperature  radiator  will 
be  limited  In  application  to  vehicles  with  small 
payloads,  low  heat  loads,  and  relatively  simple 
equipment  with  broad  environmental  control  re¬ 
quirements  . 

Use  of  low-temperature  radiators  with  Inter¬ 
mediate  coolant  loops  will  be  desired  for  many 
applications  because  of  Installation  flexibility 
and  ease  of  control,  pig.17  shows  typical  per- 
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Fig.  17  Radiator  heat  rejection  for  radiation  to 
free  space 


Fig.  18  Relative  system  weight  for  high 
temperature  radiator  using  a  heat  pump 


TABLE  3 

mPOtTlES  OF  VAMOUS  (VAFOAATIVC  NEAT  SINKS  AND  WOMCINC  FLUIDS 


Density 

•t 

doi 1 Ing 
Foint 
Ib/cu  ft 

NohmI 

6oi  ling 
Point 
d.3  F 

Critieot 

Dtia 

Point 

6og  F 

Froozing 
Point 
doQ  F 

(.•tnnt 

HMt 

2tu/lb 

Thonuit 

Capocity 

atu/lb 

naxiMMI 
Aval  UbI* 
Cnargy  in 
Cxpantion 
2ty/lb 

Wactr 

39.7 

2.2 

3206.2 

705.4 

32 

970 

had’*' 

w»> 

Aimonit 

42.6 

.21 

1657 

271.4 

-102 

590 

*,•<»> 

Nitro9«n 

50.3 

-320 

492.3 

-232.9 

-346 

25.5 

Oxygen 

71-3 

-297 

730.6 

-361 

91 .6 

22a(»> 

,72(*> 

Hydrogen 

4.4 

-423 

127.7 

-400.3 

-434 

191 

ttoliu* 

•  .3 

-452 

33.2 

-450.2 

-452 

9.4 

[thyl«n«  0xid«^ 

55.. 

31 

.043 

324 

-171 

249 

- 

1*70^ 

Hydr«xin«^ 

5«.5 

236 

t.30 

7J7 

34 

550 

— 

1*90^'* 

(1)  Nofioprop«M«Rtt 

(2)  For  InfInUo  prossuro  r«(lo,  «xp«nd«r  officioncy  •  <  >0,  and  an  inUt  -  900F 

(3}  NMt  fro*  boiling  point  t«Nip  to  300F  ot  300  p»l« 

(4)  Soil  at  32F,  Mportwat  to  300F 


fonnance  for  flnned-tube  radiator  surfaces,  where 
the  Intermediate  heat-transfer  fluid  Is  punned 
through  the  tubes.  The  Increase  In  radiator  spe¬ 
cific  weight  with  heat  dissipation  results  from 
the  Increased  tube-wall  thickness  required  for 
protection  against  mlcrometeorlte  penetration. 
That  Is,  In  this  case,  the  tube-wall  thickness 
Is  sized  for  a  95  per  cent  probability  of  sur¬ 
vival  of  one  year  and  Increasing  surface  area 
represents  an  Increased  chance  of  Impact  with 
larger  particles. 

The  desirability  of  using  a  heat  pump  with 
a  hlgh-temperature  radiator  will  depend  upon  the 
ratio  of  the  radiator  specific  weight  to  the 


electrical  energy  source  specific  weight,  as 
shown  In  Plg.l8.  Weight  reductions  are  obtained 
for  values  of  this  ratio  In  excess  of  approxi¬ 
mately  3,  which  requires  electrical  energy 
sources  with  specific  weights  of  less  than  5  lb 
per  kWg  for  1  kw  heat  dissipation,  9  lb  per  kw^ 
for  10  kw,  17  lb  per  kw^  for  100  kw,  or  30  lb  per 
kWg  for  1000  kw,  assuming  an  environmental  system 
sink  temperature  of  0  P.  Since  these  specific 
weights  are  low,  relative  to  those  currently  ob¬ 
tainable,  the  near-term  prospects  for  heat  pumps 
as  a  means  of  reducing  weight  do  not  appear  to 
be  favorable,  except  possibly  for  components  re¬ 
quiring  very  low  rejection  temperatures  or  for 
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Fig.  19  Integration  of  power  and  cooling 
for  Q  =  P 


EXPANOCR  CtCU  EFFIClCfCY 

Fig.  20  Integration  of  power  and  cooling 
forQ  =  1.25P 


the  case  where  the  temperature  of  the  radiative 
heat  sink  Is  higher  than  the  desired  source  tem¬ 
perature  . 

Expendable  evaporants  will  be  at  a  disadvan¬ 
tage  with  respect  to  weight  as  compared  with  ra¬ 
diators  for  long-duration  space  missions  where 
radiation  to  free  space  is  possible.  For  example, 
assuming  a  radiator  specific  weight  of  25  It  per 
kW|.,  and  neglecting  tankage,  radiators  will  be 
superior  to  evaporants  for  durations  in  excess 
of  7.5  hr  for  water  and  in  excess  of  11.9  hr  for 
hydrogen.  The  expendable  evaporant  may  be  uti¬ 
lized  as  a  working  fluid  in  a  power  cycle  before 
being  dumped  overboard.  Table  3  contains  a  com¬ 
parison  of  several  fluids  for  use  both  as  a  heat 
sink  and  as  a  working  fluid.  The  advantages  of 
hydrogen  over  other  fluids,  in  both  capacities, 
is  evident. 

SYSTQt  INTSaRATION 

System  integration  is  a  critical  factor  in 
the  design  of  multipurpose  systems  where  the  out¬ 
put  requirements  can  vary  more  or  less  independ¬ 
ently,  but  within  limits  which  can  be  specified 
for  a  particular  mission.  Inter-relationships 
exist  between  certain  of  the  steady-state  re¬ 
quirements,  as  between  the  Internal  heat  load 
and  the  power  generation,  for  exaiiq)le.  However, 
the  possible  Independence  of  the  output  require¬ 
ments,  particularly  during  transient  conditions, 
means  that  provision  will  usually  be  required  for 
supplemental  energy  sources  and  heat  sinks.  The 


concept  of  an  Integrated  multipurpose  hydrogen 
system  is  attractive  in  that  it  utilizes  a  high- 
performance  fluid  to  the  maximum  extent  for  a 
variety  of  functions.  Obviously,  optimum  propel¬ 
lant  utilization  for  all  functions  will  probably 
not  be  possible  in  most  applications . 

The  heart  of  system  integration  involves  the 
energy  balance  between  the  heat  input  to  the  pro¬ 
pellant  flow  and  the  Internal  power  generation. 
Expander  cycle  efficiency  and  coolant  top  temper¬ 
ature  are  Important  parameters  in  determining  at¬ 
tainable  specific  propellant  consumptions,  as 
shown  in  Flg.l9  for  the  case  where  the  expander 
power  output  is  absorbed  in  heating  of  the  pro¬ 
pellant  flow.  Expander  cycle  efficiency  is  de¬ 
fined  as  the  product  of  the  prime-mover  adiabatic 
efficiency  and  the  perfect-gas  is entroplc -expan¬ 
sion  factor,  as  follows; 

Cycle  Efficiency  = 

*  t/ 

where 

=  expander  adiabatic  efficiency 
=  expander  inlet  pressure 

P^  =  expander  discharge  pressure 

Assuming  efficiencies  in  the  O.5O-O.6O  range 
to  be  realizable  at  the  vacuum  discharge  condi¬ 
tions  of  space,  specific  propellant  consumptions 
of  the  order  of  1.40-1.53  lb  per  bhphr  are  indi¬ 
cated  for  a  coolant  top  temperature  of  200  F. 

It  should  be  noted  that  under  these  conditions 
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the  prime  mover  will  be  operating  with  Inlet  tem¬ 
peratures  In  the  600-800  P  range. 

In  most  space  vehicles,  the  total  heat  load 
will  be  greater  than  the  equipment  heat  load  rep¬ 
resented  by  Internal  power  generation.  The  ad¬ 
ditional  heat  load  Is  given  by  crew  metabolism, 
solar  radiation,  and  aerodynamic  heating.  Pig. 20 
illustrates  the  effect  of  a  heat  load  125  per 
cent  of  the  expander  shaft  power  output  on  system 
performance.  For  example,  using  the  previously 
assumed  expander  cycle  efficiency  (O.5O-O.60)  and 
coolant  top  temperature  (200  P),  specific  fuel 
consumptions  for  power  generation  now  fall  In  the 
1.61-1.73  lb  per  bhphr  range,  showing  a  penalty 
of  approximately  0.20  lb  per  bhphr.  This  penalty 
corresponds  to  a  "specific  evaporant  consumption" 
of  0.80  lb  per  hphr  as  compared  with  2.36  lb  per 
hphr  for  water  and  1.21  lb  per  hphr  for  hydrogen 
as  expendable  evaporants  providing  cooling  alone. 

Por  long-duration  applications.  It  may  be 
preferred  to  provide  a  part  of  the  cooling  by  ra¬ 
diation  to  free  space  to  minimize  propellant 
weight.  Reduced  specific  propellant  consumptions 
can  be  obtained  for  reduced  cooling  capacity,  as 
shown  in  Pig. 21  for  the  case  where  the  heat  input 
to  the  propellant  flow  represents  75  per  cent  of 
the  expander  shaft  power  output.  The  specific 
propellant  consumption  will  now  fall  In  the  1.21- 
1.33  lb  per  bhphr  range  for  the  coolant  top  tem¬ 
perature  of  200  F  and  expander  cycle  efficiency 
of  0.50-0.60.  The  expander  Inlet  te  -'eratures 
are  higher  for  this  condition  of  operation,  fall¬ 
ing  In  the  900-1200  F  range,  but  are  still  below 
the  maximum  design  values  for  long-life,  reliable 
turboexpanders . 

Por  minimum  specific  propellant  consumption 
at  a  given  expander  cycle  efficiency,  expander 
Inlet  temperature  will  be  a  limiting  factor,  as 
Illustrated  In  Pig, 22  for  a  cycle  efficiency  of 
50  per  cent  and  a  maximum  expander  Inlet  temper¬ 
ature  of  1800  P.  In  this  case,  a  specific  pro¬ 
pellant  consumption  of  1.12  lb  per  bhphr  Is  shown 
for  the  previously  assumed  coolant  top  tempera¬ 
ture  of  200  F  with  q/P  =0.54.  A  radiator  or 
other  supplemental  heat  sink  will  be  required  to 
dissipate  the  remainder  of  the  heat  load  under 
this  condition  of  operation. 

Prom  the  previous  analysis,  the  following 
summation  can  be  made  for  a  coolant  top  tempera¬ 
ture  of  200  P: 


a/p  SPC 

1.25 . 1.73  Ib/bhp  hr 

1.00 . 1,53 

0.75 . 1.33 

0.54 . 1.12  T.  =  1800  p 


Assuming  radiator  specific  weights  of  the 


Fig.  21  Integration  of  power  and  cooling 
for  Q  =  0.  75P 


Fig.  22  Integration  of  power  and  cooling  for 
cycle  efficiency  =  0. 50 


order  of  25  lb  per  kw^.  It  appears  that  the  mini¬ 
mum  specific  propellant  consumption  will  be  de¬ 
sired  for  mission  durations  In  excess  of  approx¬ 
imately  19  hr.  Por  missions  of  less  than  19  hr 
length.  It  may  be  expedient  to  provide  all  of  the 
cooling  required  In  the  propellant  flow  since  the 
resultant  Increase  In  specific  propellant  con¬ 
sumption  will  be  more  than  offset  by  weight  re¬ 
duction  In  the  environmental  control  system. 

POWER-SYSTEM  COMPARISON 

Pig. 23  compares  various  types  of  power  system 
In  terms  of  specific  work  output  as  a  function 
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Fig.  24  Space-vehicle  power  systems- -estimated  optimum  application 


of  duration.  Pl^.23  Is  based  upon  the  require¬ 
ments  for  power  generation  only:  the  vehicle  mis¬ 
sion  and  the  environmental-control  and  attitude- 
control  requirements  may  affect  system  selection. 
For  example,  space  vehicles  which  reenter  the 
atmosphere  will  require  some  type  of  chemical  AFU 
and  heat  sink  (In  addition  to  a  solar  or  nuclear 
power  unit  used  In  space  flight)  to  provide  power 
and  cooling  during  the  boost  and  reentry  phases 
of  operation. 


Prom  the  data  presented  In  Pig. 23,  It  Is  pos¬ 
sible  to  establish,  within  rather  broad  limits, 
optimum  power  systems.  Pig. 24  Is  an  estimate  of 
optimum  power  systems  as  a  function  of  power  out¬ 
put  and  duration.  It  can  be  seen  that  for  dura¬ 
tions  less  than  1  hr,  battery,  solld-propellant, 
and  monopropellant  systems  will  be  used  to  ad¬ 
vantage.  Por  extremely  long  durations,  solar  and 
nuclear  systems  will  be  optimum.  Oxygen-hydrogen 
secondary  systems  appear  to  be  the  optimum  means 
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TABLK  4 

TYFICAL  UQUIRBMim  • 

SFACtcim  Pom,  ENViRomorrAL  contiol,  and  attitudi  control 


MISSIONi  EBrtR  Orbit 
OCCUPANTS t  3  Mas 
SECONDARY  POVERi 

SoMi,  InJ««tioa.  D«pl«7B«ai  1  hr  3  k* 

aoA  Orirat&iio* 

OrbitAl  Flight  TftrUbU  3  h« 

te*rg«ae7/St*adhy  4  hr  3  hv 

S«parati«a<  ltea«VT«riaf »  I  hr  3  kv 

aad  Ra^Batry 

Poat-Laadlag  12  hr  0.2  k« 


SEAT  LOADSi 

Oeeapaai*!  180C  Btu  par  hr 
SoUr  Radiatiaai  Zara 
Ra-Batryt  100,000  Ria 
Bqalpaaati  3  «w  a  AHJ  Laat  Gaaaratiaa 
CAPSULI  ENVIRONMENT I 

Oeeaplad  Araai  80*P  BaziBaB 
EqaipBaai  Araai  220*P  BaziaoB 
Praaaarai  Saa  Laral  to  8  pala 
ATTITUDE  CONTROLi 

Law  Thraat,  Loag  Daratiaai  0.2  lb  awaraga  (eaatiaaaaa) 
High  Thraat,  Shart  Daratioai  1000  lb  aaa 


of  power  generation  for  the  very  important  class 
of  space  mission  ranging  from  1  hr  to  over  100 
hr.  In  the  section  following,  three  types  of 
power  system  will  be  con^jared,  with  the  objective 
of  determining  the  effect  that  mission,  attitude 
control,  and  environmental  control  requirements 
have  on  power-system  selection  in  Integrated 
spacecraft  systems. 


the  proper  p^tial  pressure  of  oxygen  in  the  at¬ 
mosphere .  v^so  included  is  a  cryogenic  nitrogen 
supply  for  makeup  of  leakage. 

To  maintain  the  vehicle  on  its  orbital  course 
and  correct  for  minor  perturbations,  a  continuous 
control  thrust  of  the  order  of  0.2  lb  is  assumed 
to  be  required  from  the  attitude  control  system. 
Also,  to  correct  for  major  disturbances  that  may 
occur  during  separation  and  for  orientation  dur¬ 
ing  reentry,  a  high  thrust  is  required,  assumed 
to  be  50  lb  for  20  sec  duration. 

The  equipment  required  for  emergency  or 
standby  operation  may  represent  an  Important  fac¬ 
tor  in  providing  the  high  reliability  required 
of  manned  vehicle  systems.  Selective  component 


or  system  redundancy  will  be  required,  with  par¬ 
ticular  attention  given  to  the  hazards  and  prob¬ 
ability  of  failure  associated  with  the  various 
components.  For  the  present  analysis,  the  fol¬ 
lowing  provisions  are  assumed; 

1  Power  System 

Redundant  prime  mover  and  controls  ( ex¬ 
pander  and  fuel  cell) 

Batteries  for  12  kwhr  output  ( solar  power 
unit) 

2  Attitude  Control  System 

Redundant  high  thrust  system  for  1000  lb 
sec  output 

Redundant  low  thrust  system  for  4^  hr 
duration 

3  Life  Support  System 

Potassium  superoxlde  backpack  system  for 
4  hr  operation 

The  following  paragraphs  are  devoted  to  dis¬ 
cussion  of  the  design  of  the  three  Integrated 
systems  to  be  studied: 


INTEaRATED  SYSTM  COMPARISON 

For  the  purposes  of  coDg)arlng  three  different 
Integrated  systems  providing  power,  environmental 
control  and  thrust,  the  design  requirements 
listed  in  Table  4  were  assumed.  The  three  sys¬ 
tems  to  be  compared  are  (a)  oxygen-hydrogen  bl- 
propellant  expander  system,  (b)  oxygen-hydrogen 
fuel-cell  system,  and  (c)  solar  power-unit  sys¬ 
tem. 

The  basic  environmental  control  system  used 
in  all  three  systems  is  essentially  the  same. 

It  consists  of  circulating  fans,  heat  exchangers, 
filters,  oxygen  and  nitrogen  tai^  and  controls; 
it  provides  for  internal  ten^erature  control  and 
atmospheric  control  and  makeup.  The  atmosphere 
control  subsystem  incorpc rates  means  for  carbon 
dioxide  and  water-vapor  removal,  odor  control, 
sterilization  and  prevention  of  trace  contaminant 
buildup.  The  atmospheric  makeup  subsystem  has  a 
cryogenic  oxygen  supply  and  controls  to  maintain 


Oxygen-Hydrogen  Bipropellant  Expander  System 
Since  primary  consideration  is  being  given 
to  long-duration  missions  in  this  comparison  to 
ascertain  the  limits  of  system  applicability, 
the  expander  will  be  operated  at  conditions  con¬ 
sistent  with  low  specific  propellant  consun^- 
tions ,  as  follows : 

Inlet  temperature  »  1800  P 

Cycle  efficiency  =  50  per  cent 

Coolant  top  temperature  =  200  P  (q/p  =  0.54) 

Specific  propellant  consumption  =  1.12  lb  per 

bhphr 

Assuming  a  generator  efficiency  of  85  per 
cent  leads  to  a  design  propellant  flow  of  5.29 
lb  per  hr,  at  an  oxygen-hydrogen  ratio  of  O.90. 

An  additional  heat  sink  providing  for  dis¬ 
sipation  of  46  per  cent  of  the  expander  shaft 
power  output  ( 5550  Btu  per  hr)  and  for  dissipa¬ 
tion  of  the  metabolic  heat  load  (I800  Btu  per  hr) 
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Is  required.  For  an  average  radiator  te]iq>erature 
of  4o  F>  this  heat  load  requires  a  radiator  panel 
with  an  area  of  approximately  90  sq  ft  for  radia¬ 
tion  free  space.  During  the  boost  and  reenti^ 
phases  of  operation,  water  as  an  expendable  evap- 
orant  provides  cooling. 

The  expander  discharge  gas  teiqperature  Is 
670  F  which  corresponds  to  a  specific  Impulse  of 
32?  sec  for  an  Infinite  pressure  ratio  and  a  noz¬ 
zle  efficiency  of  1.0.  Assuming  a  pressure  ratio 
of  100  and  a  nozzle  efficiency  of  83  per  cent 
gives  a  specific  Impulse  of  2^7  sec  or  a  thrust 
of  0.38  lb  for  the  propellant  flow  of  5.29  lb  per 
hr.  By  combustion  of  the  discharge  gas  with  ad¬ 
ditional  oxygen,  the  specific  Impulse  can  be  In¬ 
creased,  It  being  possible  to  obtain  controllable 
thrust  of  the  order  of  1  lb  In  this  way.  If  ve¬ 
hicle  dynamics  require  higher  peak  thrusts.  It 
may  be  feasible  to  store  low-level  energy  In  the 
form  of  flywheels  or  gas  accumulators. 

Standby  or  emergency  operation  Is  provided 
by  a  redundant  power  unit  and  control  system. 
Fropellant-system  reliability  Is  Insured  through 
use  of  multiple  tanks.  Batteries  provide  power 
for  ventilation  and  operation  of  the  radio  beacon 


after  landing  for  the  period  prior  to  recovery 
of  the  capsule. 

Oxygen-Hydrogen  Fuel  cell  System 

With  fuel  cells,  all  of  the  free  energy  of 
reaction  (AF°  •=  -5450  Btu  per  lb)  Is  theoretical¬ 
ly  available  for  conversion  Into  electrical  out¬ 
put.  Actually,  depending  upon  the  type  of  fuel 
cell  and  Its  design  operation,  5O-7O  per  cent  of 
the  free  energy  change  Is  converted  Into  useful 
electrical  output.  These  efficiencies  correspond 
to  specific  propellant  consuiqptlons  of  O.67-O.93 
lb  per  hphr.  Allowing  an  efficiency  of  85  per 
cent  for  the  functions  of  control  and  conversion 
of  the  electrical  output  In  addition  to  an  as¬ 
sumed  fuel-cell  efficiency  of  70  per  cent  gives 
a  fuel  requirement  of  3.16  lb  per  hr  for  3  kw 
output . 

Internal  heat  generation  In  the  fuel  cell  Is 
given  by  the  difference  between  the  enthalpy  of 
reaction  (AH°  =  -5770  Btu  per  lb)  and  the  elec¬ 
trical  power  output.  The  heat  load  to  be  dissi¬ 
pated  by  the  environmental  control  system  con¬ 
sists  of  the  following: 

Btu/hr 

Fuel-cell  Internal  heat  load  ....  6170 


Equipment  heat  load .  12030 

Metabolic  heat  load  .  . . 1800 

Total  heat  load .  20000 

Propellant  cooling  capacity  ....  1310 

Net  heat  rejection 

to  radiator . I8690 


Sizing  the  radiator  to  dissipate  this  heat 
load  at  an  average  radiator  temperature  of  40  F 
leads  to  a  radiator  area  of  229  sq  ft.  Water  as 
an  expendable  evaporant  provides  cooling  during 
boost  and  reentry. 

Exhaust  gas  from  the  fuel  cell  will  consist 
of  essentially  pure  water  vapor  at  a  teDq>erature 
level  depending  upon  the  type  of  fuel  cell  used. 
Assuming  a  discharge  teiiq>erature  of  200  F,  a 
pressure  ratio  of  100  and  a  nozzle  efficiency  of 
85  per  cent  gives  an  available  thrust  of  O.083 
lb.  This  will  probably  be  too  low  to  be  of  much 
value  In  attitude  control.  ®ie  water  vapor  dis¬ 
charged  from  a  fuel  cell  can  be  better  utilized 
by  condensation  and  collection  for  use  In  the 
drinking  supply,  thereby  eliminating  need  for  a 
water-recovery  unit.  Assuming  condensation  at 
200  F,  this  will  require  an  additional  radiator 
surface  area  of  15.2  sq  ft.  The  waste  water  Is 
utilized  In  the  attitude  control  system  to  pro¬ 
vide  thrust  to  minimize  the  propellant  require¬ 
ments  . 
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Batteries  are  not  reqpilred  with  a  fuel-cell 
system,  since  fuel  cells  operate  efficiently  at 
low  power  levels,  and  are  essentially  Independent 
of  discharge  pressure.  Emergency  operation  Is 
provided  by  a  redundant  fuel-cell  and  control 
system,  as  with  an  expander. 

Solar-Power-unlt  System 

In  this  system,  power  Is  provided  with  a 
Ranlclne-cycle  heat  eisglne,  using  a  solar  concen¬ 
trator  as  the  energy  source.  The  Weight  of  this 
system  Is  estimated  to  be  730  lb.  Including  ener¬ 
gy  storage  for  daiic-slde  operation.  Batteries 
provide  power  prior  to  erection  of  the  solar  col¬ 
lector  and  during  reentry. 

The  environmental  control  system  dissipates 
a  heat  load  consisting  of  J  kw  arising  from  the 
equipment  and  I800  Btu  per  hr  from  the  occupants. 
A  radiator  sized  to  dissipate  this  heat  load  at 
an  avexage  tenq>erature  of  40  P  will  have  an  area 
of  148  sq  ft. 

Since  the  power  unit  produces  no  waste  gases, 
the  attitude  control  requirements  must  be  sup¬ 
plied  entirely  from  a  special  system  provided 
for  that  purpose.  The  attitude  control  require¬ 
ments  for  this  type  of  system  will  probably  be 


more  critical  than  those  for  the  other  two,  be¬ 
cause  of  the  accuracy  of  sum  tracking  required 
for  proper  operation  of  the  solar  collector. 

Tables  3,6  and  ^  contain  weight  conq>arlson5 
for  the  three  types  of  systems  under  considera¬ 
tion  for  the  hypothetical  manned  orbital  vehicle. 
The  weight  estimate  Is  divided  Into  two  quanti¬ 
ties:  a  fixed  weight,  which  Is  determined  by  the 
requirements  with  respect  to  boost,  reentry  and 
emergency  modes  of  operation;  and  a  variable 
weight,  which  Is  dependent  upon  the  time  In  or¬ 
bit.  Table  8  sunmiarlzes  the  weight  comparison 

Table  8  Suamary  of  Weights 

Fixed  weight.  Variable  weight, 
lb  IbAr 


^2~^2  •  ' 

1114 

7.62 

H_-0„  fuel  cell.  . 

2  2 

1811 

6.77 

Solar  power  unit  . 

2291 

3.78 

In  this  case,  the  oxygen-hydrogen  expander 
will  be  superior  to  the  fuel-cell  system  and  the 
solar-powered  system  for  durations  less  than  306 
hr.  The  expander  system  weights  are  based  upon 
the  assumption  that  expander  exhaust,  which  pro¬ 
vides  a  maximum  thrust  of  0.^8  lb,  can  be  used 
for  attitude  control.  Little  Information  Is 
available  concerning  vehicle  attitude  control  re- 
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qulrements ,  although  some  Investigators  of  vehi¬ 
cle  dynamics  hold  that  although  an  average  thrust 
level  of  this  magnitude  may  be  adequate,  higher 
peak  thrusts  will  be  required  to  Insure  vehicle 
stability.  In  that  event,  the  weights  relating 
to  the  attitude  control  system  can  be  subtracted 
from  all  three  systems  to  give  the  comparative 
system  weights  In  Table  9  (assuming  use  of  an  ex¬ 
haust-gas  recuperator  on  the  expansion  cycle  to 
reduce  SPC  to  I.05  lb  per  bhphr) ; 

Table  9  Adjusted  Weight  Coiq>arlson 


Fixed  weighty 
lb 

Variable  weight 
Ib/hr 

^2*^2  • 

e 

957 

6w92 

H  -0„  fuel  cell. 

2  2 

e 

1591 

4.90 

Solar  power  unit 

2058 

0.66 

Below  314  hr,  the  expander  Is  superior  to  the 
fuel  cell,  although  the  solar  system  Is  superior 
to  both  for  durations  greater  than  176  hr. 

Certain  limitations  In  the  foregoing  analysis 
should  be  Indicated: 

1  The  systems  shown  do  not  represent  optimum 
conf Igxiratlons .  In  addition,  the  weights  given 
are  not  necessarily  complete  In  allowing  for 
plumbing,  mounting  provisions,  and  so  on,  but  are 
relative. 

2  The  tankage  weights  are  quite  approximate 
In  representing  attainable  performance  and  do  not 
accurately  reflect  penalties  for  long-duration 
storage. 

3  The  fuel-cell  specific  weights  which  were 
assumed  are  Indicative  of  the  present  state  of 
the  art  and  may  be  substantially  reduced. 

4  Bxpander-system  performance  Is  based  upon 
simple  cycles.  Substantial  Improvements  In  per¬ 
formance  are  possible  with  more  complex  cycles 
and  with  refinement  In  prime  mover  design. 

C0NCU7SI0MS 

Cryogenic  hydrogen  can  be  used  In  multipur¬ 
pose  systems  for  spacecraft  advantageously  for 
durations  from  1  hr  to  durations  substantially 
In  excess  of  100  hr.  The  maximum  duration  for 
optimum  application  depends  upon  the  vehicle  at¬ 
titude  control  requirements  and  the  ability  to 
utilize  the  large  total  liqiulses,  at  low  thrust 
levels,  contained  In  the  working  fluid  discharged 
from  an  open-cycle  expansion  power  unit. 

In  short-duration  applications  (less  than  ap¬ 
proximately  19  hr) ,  the  system  will  be  operated 
with  the  propellant  flow  capable  of  absorbing  the 
vehicle  heat  load  to  attain  minimum  system  weight. 
For  longer  durations,  the  system  will  be  designed 
for  the  minimum  specific  fuel  consusqjtlon,  using 


space  radiators  to  reject  the  heat  In  excess  of 
the  cooling  capacity  available  In  the  propellant 
flow. 

In  order  to  make  optimum  use  of  a  cryogenic - 
hydrogen  system,  consideration  must  be  given  to 
energy  requirements  of  the  other  major  systems  on 
the  vehicle.  The  characteristics  of  cryogenic 
hydrogen  which  make  It  attractive  In  Integrated 
systems  can  be  summarized  as  follows: 

1  Low  molecular  weight  -  high  energy  working 
fluid. 

2  Very  low  teiqperature  heat  sink. 

3  High  specific  heat  -  high  thermal  capacJ* 
heat  sink. 

4  High  heat  of  combustion  with  oxygen. 

Thus,  hydrogen  acts  as  a  high-performance 

working  fluid  In  a  power  cycle  and  as  a  high- 
performance  propellant  for  attitude  control.  The 
low-temperature  cooling  capabilities  can  be  used 
to  advantage  for  such  purposes  as  atmosphere  con¬ 
taminant  freezeout  and  Infrared  detector  cooling. 
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